ABSTRACT Free energy perturbation calculations are carried out to estimate the effective pK a of an Arginine (Arg) sidechain as a function of its location in the Dipalmitoylphosphatidylcholine (DPPC) bilayer. Similar to previous all-atom simulations of the voltage sensor domain of a potassium channel in the membrane with charged Arg residues, the membrane and water structures are observed to deform to stabilize the charge of the Arg analogue. As a result, the computed pK a is above 7 throughout the membrane although the value is very close to 7 near the center of the bilayer. With additional stabilizations from negatively charged amino acids or lipid molecules, it is reasonable to expect that Arg in membrane proteins (once in the membrane) can adopt the protonated state despite the low dielectric nature of the bulk lipid membrane.
the protonation state of Arginine residues (Arg) in a lipid bilayer environment. This was in part triggered by the observation in a crystal structure of the potassium channel (1) that several Arg residues on the S4 helix may come in contact with the hydrophobic region of the lipid membrane. Conventional wisdom based on continuum electrostatic models strongly disfavors the transfer of charges from solution to the low-dielectric region of lipid. The new "biological hydrophobicity" scale established by White and co-workers (2) based on a translocon assay, however, indicates that the transfer free energy of charged residues into the lipid is much smaller than traditionally thought, although the location of the residue in the membrane is unclear. Molecular dynamics (MD) simulations of the voltage sensor domain of a potassium channel (3) found that the lipid membrane can deform locally such that both the polar headgroups of the lipid and water molecules can stabilize the charged Arg residues in the membrane. Coarse-grained molecular dynamics simulations (4) also showed that insertion of the Kv channel voltage sensor domain into the lipid bilayer can proceed spontaneously with all the Arg residues charged, although the energetics of the coarse-grained models need to be better calibrated. One might argue, however, that the deformation of the lipid and water structure observed in these simulations was due to the fact that Arg was assumed to be charged in the first place. It is possible that the pK a of Arg is significantly shifted in the membrane environment such that at certain depth of the bilayer the sidechain is predominantly charge neutral. In a somewhat related context, poly-Arg and related cationic peptides are known to penetrate through lipid bilayers efficiently. (5) The mechanism of such translocation is poorly understood and it is possible that deprotonation of Arg is involved in the process.
To help better understand the protonation state of Arg in the membrane environment, we have carried out free energy perturbation calculations to estimate the pK a of an Arg analogue (Fig. 1) as a function of its location in the Dipalmitoyl-phosphatidylcholine (DPPC) lipid bilayer. The results support previous all-atom simulation of the voltage sensor domain (3) that the structure of lipid bilayer and water molecules can locally deform to stabilize the charged Arg sidechain. As a result, the effective pK a of the Arg sidechain remains substantially above 7 except for a very narrow region in the center of the bilayer. With additional stabilization from negatively charged amino acids or lipid molecules, it is reasonable to expect that Arg in membrane proteins can very well adopt the protonated state despite the low dielectric nature of the bulk lipid membrane. As the current work is in progress, MacCallum et al. reported results from potential of mean force calculations for the transfer of the Arg sidechain analogue in both the neutral and charged states,(6) from which the effective pK a at different locations in the membrane can also be estimated (see below). However, since different force fields and simulation protols are used in the two studies, the current study complements and reinforces the results of MacCallum et al. (6) . In this context, we note that the current study is not meant to address the issue of transferring Arg from solution to membrane, but to probe the favorable protonation state of Arg once it is stabilized somewhere in the membrane.
The simulation system contains 72 DPPC molecules and 2511 water molecules in a periodic rectangular box of 50Å × 50Å × 72Å, and Particle-Mesh-Ewald (8) is used for treating the long-range electrostatics; no sodium or chloride ions have been included. A sidechain analogue of Arg (Fig.  1) is placed in the box and the center-of-mass z-coordinate of the guanidinium group is constrained to be at specific values during different simulations using a rather stiff harmonic restraint with a force constant of 100 kJ/mol·Å 2 .
The pK a shift of the Arg analogue relative to the bulk solution (pK a =12.5 (9)) is computed using the free energy perturbation (FEP) approach (7) in which the reverse work associated with converting the Arg analogue from the protonated to the neutral form is calculated. Since the overall charge of the system changes from +1 to zero during the process, care is exercised to correct for effects that might arise from the artificial periodicity, following the protocol in the literature based on continuum electrostatics at the Possion-Boltzmann level (10); as discussed in the Supporting Information, however, the magnitude of the correction is small for the current set-up. The potential energy function employs the CHARMM22 force field (12) for the lipid/water (13) and the Arg analogue. The system is equilibrated under constant surface tension of 17 dyne/cm in a tetragonal box using the CHARMM package (11), which is then subjected to production runs under constant volume at 323K using Gromacs 3.3.1 (14) .
Since the local structure of the membrane and water can be significantly perturbed by the presence of the charged Arg analogue, care is exercised to monitor the statistical convergence of the FEP simulations using a protocol similar to that proposed by Schiferl et al. (15) . As shown in the Supporting Information, the free energy derivatives converge rather quickly (in <10 nsec) with a statistical error of less than 0.3 kcal/mol when the Arg analogue is in solution, while much longer sampling is necessary when the Arg analogue is deep inside the membrane. The most challenging windows involve the neutral form of the Arg analogue at z = 0, 5 or 10Å, for which the statistical error is about 1 kcal/mol after more than 30 nanoseconds (Fig. S1) .
As shown in Fig.2 , the computed pK a of the Arg analogue varies non-monotonically as it is transferred from bulk solution to the center of the bilayer. When the Arg analogue is far above the membrane, the computed pK a shift relative to an Arg analogue solvated by pure water solution is essentially zero, which is a useful self-consistent validation for the membrane simulations. As the Arg analogue approaches the membrane, the pK a first increases slightly, to ~13.6 for z=15-20 Å, which is consistent with the dipole potential of the membrane at the membranesolvent interface. (16) As the Arg analogue goes deeper into the hydrophobic region of the bilayer, the effective pK a value drops quickly although still remains above 7 even at the center of the bilayer (z=0.0Å).
The qualitative trends in the FEP-computed pK a values is in good agreement with that estimated from the potential of mean force results for the charged and neutral arginine by MacCallum et al (6) (the converted pK a values are also shown in Fig. 2 ). For example, the PMF results indicated that the head-group region favors the charged Arg but disfavors the neutral form, thus the largest effective pK a occurs around z=15.0 Å. At the center of the bilayer, the effective pK a estimated based on results from MacCallum et al. (6) is 6.6, which is slightly lower than the value of 7.7 from the current study. Both sets of values indicate that Arg likely has significant populations of both the protonated and neutral forms near the center of the bilayer.
Further analysis of the free energy derivatives indicates that the drop in the pK a in the hydrophobic region of the bilayer results mainly from the larger destabilization of the charged state (λ=0.0, 0.2, 0.5 and 0.8) than the stabilization of the neutral form (λ=1.0) of the Arg analogue (See Table  1 in Supporting Information). As shown in Fig. 3 , similar to previous simulation studies, (6) the charged form of the Arg analogue induces significant changes in the lipid and water structures when it approaches the hydrophobic region of the bilayer. At a more quantitative level, for z=0, for example, there are about two P groups (Fig. 4a) and more than 15 water molecules (Fig. 4c) within 10 Å from the center-of-mass of the charged Arg analogue. In fact, there are more water molecules within 6 Å of the Arg analogue at z=0 Å than z=10 Å for the charged window (Fig. 4c) ; the reverse is true, however, for the neutral window (Fig. 4d) . The new contribution of this work is to show explicitly that such deformations are not so energetically costly that Arg prefers to be deprotonated.
In short, carefully conducted FEP calculations indicate that it is energetically feasible for an Arg to adopt a protonated form in most regions of the bilayer (once it is transferred to a certain location) because the local lipid and water structures can deform fairly easily to accommodate the charge. With further stabilization from other residues or lipids, Arg in membrane proteins are most likely protonated.
